Action potentials and membrane currents were recorded from isolated single ventricular cells from rabbit hearts using the suction pipette whole-cell clamp method. Action potentials elicited after short diastolic intervals of < 2 seconds showed an increase and prolongation of the plateau compared to those elicited after a 10-second rest period. The recovery of the tetrodotoxin-insensitive secondary inward current revealed a transient increase at short diastolic intervals above the level of full recovery (after 10 seconds). The increased secondary inward current recovery, however, was voltage-dependent, and the period of its increase did not cover the entire diastolic intervals of the action potential overshoots, suggesting the contribution of another ionic current to the changes in potential. A ction potential durations of cardiac muscles are /\ variously influenced by numerous factors. A. \. Among these factors; heart rate and preceding diastolic intervals are assumed to have an important role in determining the action potential duration (APD).
Previously, we reported that APD in premature excitations of canine ventricular muscles exhibited a transient prolongation at short diastolic intervals and that the prolonged APD was associated with an increased slow inward current during its recovery period. 45 However, the mechanism of increased slow inward current was not clarified from that study. On the other hand, Kukushkin and coworkers 6 suggested a possible contribution of the transient outward current to the rate-dependent change in APD, but they did not study its precise role in the determination of APD in premature excitations.
Recently, methods for isolating a single cardiac cell and for recording membrane potentials and currents using this preparation have been introduced. 78 This technique facilitates accurate measurement of action potentials and ionic currents without interactions from adjoining cells. Furthermore, single-cell studies have disclosed that the calcium current has a much larger amplitude and faster kinetics than predicted from the slow inward current measured using multicell preparations. 910 Single-cell studies have also revealed the presence and the role of the transient outward current in different cardiac preparations other than Purkinje fibers."" 15 Therefore, the present study was done to elucidate the mechanism of APD prolongation upon sudden shortening of diastolic intervals using this refined technique applied to single ventricular cells from rabbit hearts, since this tissue has been shown to devel-the whole-cell clamp mode, the electrode resistance in series with the cell membrane was compensated to minimize the duration of the capacitative surge on the current trace. The action potential was recorded from a single cell in the curent-clamp mode and by passing depolarizing current of suprathreshold intensity (less than 5 milliseconds in duration) through the pipette. The membrane current was measured in the voltageclamp mode and by applying various protocols of pulses as indicated in the text.
Before starting the electrical measurements, the configurations of either action potentials or membrane currents during depolarizing pulses increased to 0 mV from the holding potential of -40 mV for 5-10 minutes with the pulse application at 0.1 Hz. If the action potential duration at 0 m V or the amplitude of the peak inward current, mostly representing the calcium current, did not differ by more than 5% of their values in successive measurements, the preparations were judged stable and further experiments were allowed to proceed. This was based on our observations that the repolarization phase of action potentials and the calcium current seemed to be the most sensitive indicators of cellular conditions, since changes in these parameters always preceded cellular damage and death. Once the stable condition was achieved, it usually lasted for 30-40 minutes in our preparations and sometimes > 60 minutes in the presence of Co 2+ . Therefore, our measurements were mainly completed within 30 minutes. The exception to this rule was when Co 2+ was applied, at which time the experiments occasionally extended to 60 minutes. After the end of each experiment the junction potential was measured. All the values of junction potential in these experiments were within 2 mV, and therefore no correction was made for it in the data analysis.
The parameters measured and their definitions in the present experiments were AP-1, the first action potential elicited after a 10-second rest period; AP-2, the action potential after AP-1 with paired stimulation; APD 0 , action potential duration at the 0 mV level; APD,,,, action potential duration at 90% repolarization; plateau height, the maximal level of the plateau (Phase 2) after the initial peak (Phase 0) of the action potential; diastolic interval (DI), the interval between the end of full repolarization of AP-1 and the beginning of AP-2 depolarization; and I s , a TTX-insensitive secondary inward current, mostly representing the calcium current (I Ca ) but contaminated by the outward current, depending on the pulse protocols as discussed in the text. (I s was measured under conditions in which the fast Na + current (I Na ) was inactivated by applying TTX and/or by depolarizing the holding potential at -40 mV, or less negative. In the present experiments we used 6.26 or 12.5 fjM TTX to inactivate I Na . To exclude contamination of I Na , the holding potential was set at -60 mV, since our preliminary experiments (3 cells) had shown that 6.26 /AM TTX abolished I Na on depolarization from -60 mV but failed to suppress it from a -70 mV or more negative holding potential. Sometimes, even 20 /X,M TTX was not enough to block I Na at a holding potential of -80 mV or more negative. Secondly, the amplitude of I s increased with increasing membrane depolarizations during the pulses and attained a maximum value between 0 and + 10 mV. The I s with this kind of voltage dependency was reversibly abolished in the Ca 2+ -free solution (4 cells), suggesting that the current represented I Ca . Therefore, the cells exhibiting I s of the characteristics described above were chosen for the current measurement.) Additional definitions are peak I s , the value of peak I s relative to a 0 current level (I s was also measured as the difference between the peak inward current and the holding current, and the results of this analysis were similar to those of the peak I s analysis); and I t0 , transient outward current. (I t0 amplitude was measured by the difference between the maximal point of I l0 and the minimal point of the current trace during the depolarizing voltage steps. To avoid contamination of the inward currents in the I t0 measurements, Co 2+ was applied to block I Ca and TTX to inhibit I Na . Furthermore, the test voltages of + 60 or + 70 mV, which were close to their expected reversal potentials and would have small amplitudes, were selected except in cases when the voltage dependence of I t0 was examined or as otherwise stated in the text.)
All the values were expressed as a mean ± standard error (SE). Statistical analysis was done using the paired or nonpaired t test, and p < 0.05 was considered significant.
Results

Changes in the Action Potential Plateau and I s on Sudden Shortening of Diastolic Intervals in Rabbit Ventricular Cells
When ventricular cells were stimulated by regular stimuli applied after a rest period of 10 seconds, the evoked action potential showed a small but distinct Phase 1 after its initial peak, followed by a smooth repolarizing Phase 2. Occasionally, a secondary depolarization after an initial peak with a notch between them was noted, depending on the preparations. When the second stimulus was given with various coupling intervals after the first action potential (AP-1), the second action potential (AP-2) had a decreased or absent Phase 1 and developed a prominent plateau attaining a level higher than that of AP-1. The APD was longer in AP-2 than in AP-1, and this was especially pronounced at APD 0 . These characteristic changes were noted in all AP-2 elicited at coupling intervals <2 seconds. One series of experimental records demonstrating these changes in AP-1 and AP-2 is shown in Figure 1 .
In our previous studies, 45 we observed that the APD prolongation was associated with an increased slow inward current when measured by a single sucrose-gap voltage-clamp method during premature excitations in dog ventricular muscle. Therefore, changes in I s were measured using single ventricular cells with a stimulation protocol similar to that shown in Figure 1 tial of -40 mV were applied after a rest period of 10 seconds with various diastolic intervals between the two. This method gave a measure of the recovery of I s . The experimental records of this measurement from a single preparation are shown in Figure 2 . Although I s at a diastolic interval of 50 milliseconds was smaller after a 10-second rest period, those at 250 and 500 milliseconds were larger than the first. At a diastolic interval of 2,000 milliseconds, the amplitudes of I s at the first and second pulses were almost the same.
In the recording of the current-clamp mode, this preparation also showed action potential changes similar to those shown in Figure 1 . Analyses of both parameters in action potentials and in I s vs. diastolic intervals examined with a single preparation are shown in Figure 3 . Action potentials elicited at short diastolic intervals (< 2 seconds) showed longer APD 0 and attained a larger amplitude of the plateau height than those at 10 seconds. I s was also shown to increase in the second depolarizing pulses elicited at short diastolic intervals compared to those at 10-second intervals. In 7 preparations, both action potential parameters and I s were examined using an experimental protocol similar to those shown in Figures 1-3 . All the results revealed a prolongation of APD 0 and an increase in the plateau height and I s at short diastolic intervals of < 2 seconds compared with those at 10-second intervals, although the diastolic intervals demonstrating the maximum values of these parameters varied from cell to cell. In action potential measurements of 7 cells, the plateau height was 32.6 ± 2.5 mV (mean ± SE; n = 7) in AP-1 and the maximum plateau height of AP-2 attained during the electrical restitution was a mean of 44.3 ± 3.1 mV in AP-2. The two values were signifi- cantly different (/?<0.001). Thus, the plateau height of AP-2 was increased by 13.1 ± 1.4 mV from those of AP-1. The value of the former was 143 ± 5% of the latter. The mean APD 0 of AP-1 was 142 ± 32 milliseconds and that of AP-2 increased to 243 ± 56 milliseconds (/><0.02) or 168 ± 17% of the former. The values of APD,,, were 263 ± 37 milliseconds in AP-1 and 344 ±55 milliseconds in AP-2. APD^ of AP-2 showed a tendency to be prolonged, but the two values were not significantly different. Therefore, the changes in AP-2 were prominent in the early phase of repolarization rather than in its later phase. I s of these 7 preparations also exhibited an increased amplitude with the second test depolarizations at short diastolic intervals (<2 seconds) compared to those elicited at 10-second intervals. The maximal I s attained during its recovery period ranged from 114-200% (mean ± SE; 129 ± 13%) of those at full recovery (10 seconds). However, when a test voltage step to 0 mV from the holding potential of -40 mV was applied to measure the recovery of I s among these 7 cells, only 2 preparations demonstrated a larger I s at short diastolic intervals than those of full recovery (after a 10-second rest period). When the test voltage of +40 mV was used to measure the I s recovery, all the other 5 preparations showed an increased I s at short diastolic intervals compared with the ones at full recovery. In another group of 4 cells that were treated with 6.26 PM TTX to block the Na + current, the recovery of I s was examined by applying the test voltage to 0 mV from the holding potential of -60 mV, and all 4 cells revealed an increased I s at shorter diastolic intervals than those at 10-second intervals. Their maximal values ranged from 107-171% (mean ± SE; 133 ± 15%) of I s at full recovery. Therefore, a transient increase in I s during its recovery period appeared to be a voltage-dependent process.
In our previous studies, 45 the APD prolongation in premature excitations was abolished in the presence of verapamil and Mn 2+ , which blocked the slow inward current. 3 Therefore, the effects of verapamil and Co
2+
on rabbit ventricular action potentials and I 5 were studied to examine whether or not I s could contribute to the increased plateau and its prolongation of AP-2. Figure  4 shows one such experiment. In the control, APD 0 prolongation in AP-2 compared with AP-1 was observed for excitations elicited at diastolic intervals of < 2 seconds. A transient increase in I s during its recovery period was also noted at diastolic intervals of 300-1,000 milliseconds. The application of verapamil eliminated these APD 0 prolongations at diastolic intervals of < 1 second and produced complete inhibition of I s . Washout of the drug caused incomplete recovery of I s with reappearance of a transient overshoot during its restitution as well as the APD 0 prolongation of the short diastolic excitations, although APD 0 of AP-1 continued to be shortened. Therefore, the inhibition of I s resulted in a disappearance of the APD 0 prolongation of AP-2 at short diastolic intervals. Similar results as shown in Figure 4 were confirmed in 3 other cells after verapamil application and in 2 cells after 2 mM Co 2+ . The results shown in Figures 3 and 4 may indicate another point. While action potential parameters such as APD 0 and plateau height showed increased v lues at diastolic intervals between 50 and 2,000 milliseconds compared with those at 10-second intervals, I s increased at diastolic intervals only between 300 and 1,000 milliseconds. This indicates the possibility that a factor other than I s is involved in the prolongation of APD 0 and that increased plateau height of AP-2 is elicited at short diastolic intervals. This point was further examined. cell from a rabbit heart. At the voltage step to + 10 mV, a net membrane current showed a brief inward current followed by a smooth decay within 80 milliseconds and reached a level near that of the holding current thereafter. At +20 and +30 mV, however, the decay of inward current was not smooth and an outward hump was noted (arrows). In normal Tyrode solution, pulses to potentials positive to + 40 mV elicited a net outward current that increased to a peak within 15 milliseconds and then declined within 100 milliseconds, followed by a slowly increasing outward current (see the lower row of Figure 5 ). The peak amplitude of this brief outward transient current increased with increased membrane depolarizations during the pulses. The above-described current responses were always observed during depolarizations above + 30 or + 40 mV from the holding potential of -60 mV with every examined preparation in normal Tyrode solution (more than 40 cells).
Transient Outward Current and Its Contribution to Rabbit Ventricular Action Potential
. (C)
When overlapping I Na and I Ca were eliminated by the application of 6.26 pM TTX and 2 mM Co 2+ , an outward current that was rapidly activated to reach a peak within 15 milliseconds and then inactivated after 100-150 milliseconds was seen on clamp depolarizations from positive voltage to -20 mV ( Figure 6A ).
The current amplitude increased with increased membrane depolarizations during pulses and reached its peak above + 70 mV ( Figure 6B ). The current resembled the I t0 originally described in sheep Purkinje fibers. 19 Six preparations treated with TTX and Co
2+
were demonstrated to have an activation threshold of I t0 at -30 mV (2 cells) and -20 mV (4 cells). Therefore, I, o was activated at membrane potentials above -20 mV to form a net membrane current due to an overlap with Ic a . Since I t0 of Purkinje fibers has been shown to exhibit voltage-dependent inactivation, 20 the development of l^ in rabbit ventricular cells was examined at different holding potentials. I, o was inactivated at depolarized holding potentials, and its inactivation was removed with hyperpolarization ( Figure 6C ). This property was also confirmed in 4 cells.
If I to is activated on application of depolarizing voltage steps + to -20 mV and has recovery kinetics similar to those demonstrated in Purkinje fibers, 20 it could contribute to the formation of the early phase of repolarization in rabbit ventricular action potential and its rate-dependent changes (Figures 1 and 3 ). Therefore, the recovery of I t0 was examined by the doublepulse method. Figure 7A shows one of the experimen-tal records taken from a cell treated with 6.26 /AM TTX and 2 mM Co 2+ . Two depolarizing pulses to + 60 mV from the holding potential of -60 mV were applied in succession with various diastolic intervals after a rest period of 10 seconds. I io elicited by the second pulses were small at short diastolic intervals. With prolongation of the diastole, the amplitude of I l0 became larger, but even at an interval of 2,000 milliseconds it was not as large as after a 10rsecond rest, indicating a slow recovery process. Similar results were obtained from 5 preparations treated with 6.26 fiM TTX and 2 mM Cd 2+ . Their degree of I l0 recovery at 2-second diastolic intervals achieved 75 ±2% (n = 5) of the level of its full recovery (10-second diastolic interval).
Effects of 4-Aminopyridine and Caffeine on Action Potentials and I l0 of Rabbit Ventricular Cells
The results indicated that I t0 and its slow recovery kinetics might have been responsible for the increased plateau height and prolonged APD 0 in action potentials elicited at short (2-second) diastolic intervals. To ascertain the contribution of I l0 to the above changes in action potentials, the effects of 4-aminopyridine (4-AP), which has been shown to block I t0 in other cardiac preparations, 2122 were examined using rabbit ventricular myocytes. Figure 8A shows the effects of 2 mM 4-AP on AP-1 and AP-2. During the control period (a), AP-1 elicited at 10-second diastolic intervals exhibited a distinct notch after the initial peak. APD 0 of AP-1 was shorter than that of AP-2 elicited at a short (120-millisecond) diastolic interval. The plateau height of AP-1 was smaller than that of AP-2 by 13 mV. When 2 mM 4-AP was applied (b), the prolongation of APD (especially in AP-1) became apparent. Also APD 0 of AP-1 was now longer than that of AP-2. The plateau height of AP-1 increased and became almost equal to that of AP-2. A small notch was also noted with decreased size compared to that seen in the control AP-1, after the initial peak in both action potentials. Restitution of APD 0 and plateau height are plotted in Figure  8B and 8C, respectively. There are overshoots of APD 0 and plateau height at diastolic intervals of < 2 seconds. After the application of 4-AP, a prolongation of APD 0 and an increase in plateau height were seen on the action potential at 10-second diastolic intervals, with no overshoots in either parameter at short diastolic intervals. Results similar to those shown in Figure  8A -8C were confirmed in 7 examined preparations. Since 1^ of Purkinje fibers is composed of 2 components and both are abolished by the combined application of 4-AP and caffeine, 22 2 mM 4-AP and 5 mM caffeine were applied to 3 preparations after the application of 4-AP alone. The notch was abolished, and further slowing of the repolarization ensued. Therefore, APD 0 became further prolonged than those in the 4-AP solution. No overshoot of APD 0 and plateau height were observed during electrical restitution.
To examine the role of I l0 recovery in changes in action potential, the effects of 4-AP and caffeine were studied using the double-pulse method. Figure 9A shows the experimental records of the current responses elicited by two depolarizing voltage steps with a diastolic interval of 200 milliseconds in the control (a), 2 mM 4-AP (b), and 2 mM 4-AP and 5 mM caffeine. TTX was not applied in any of these solutions since the experiment was to be carried out under the same conditions as those of the action potential measurement shown in Figure 8 . In the control, the first pulse after a 10-second rest period produced a large I t0 and the second pulse after a 200-millisecond diastolic interval induced an I t0 about 25% of the first. In the 4-AP solution (b), I t0 of the first pulse was largely reduced in amplitude, but the second I lo was not affected much compared with the control. In the solution containing 4-AP and caffeine (c), I t0 of both pulses were completely abolished. Figure 9B 
. Experimental records at different membrane depolarizations during the pulses. The top 4 (left) and 3 (right) traces indicate the current, and the bottom traces show the voltage. B.
Current-voltage relation of l, o . /," had an apparent activation threshold at -20mV. With increasing depolarizing pulses, the amplitude ofl to increased to attain a plateau value above + 70 mV. The results of (A) and (B) were obtained from the same experiment. C. Dependence of the /," development on the level of the holding potential. Two-hundred-millisecond depolarizing pulses to +60mV were applied from different holding potential levels as indicated at the bottom of each pulse. The high negative holding potential induced the larger I lo . Data were obtained from a different preparation from those shown in (A) and (B).
Although the cell was treated with 6.28 yM TTX and 2 mM Co 2 + , I Na was not completely blocked when the holding potential was held at -70mVora more negative level. of 2 mM 4-AP. In another six preparations, the concurrent application of 2 mM 4-AP and 2 mM Co 2+ also abolished I t0 completely (data not shown).
To test whether or not a slow recovery of I t0 actually causes an oscillatory repriming of I s examined by the procedure described in Figures 2-4 , whereby recovery kinetics after pharmacological dissection of each current component were examined. Figure 10 shows one such analysis obtained from a single preparation, where (A) represents an analysis of APD 0 in normal Tyrode solution. APD 0 of AP-2 at short diastolic intervals were longer than those of AP-1 elicited after a 10-second rest period. The cell was then treated with 12.5 jiiM TTX to block I Na . The recovery kinetics of I s , I Ca , and I t0 were examined with dissection of each current component in different external solutions. In the voltage-clamp mode, double pulses of 200-millisecond duration from the holding potential of -50 mV to 0 mV were applied at various diastolic intervals ( Figure  10B-10D) . In (B), the recovery of I s was examined. I s at diastolic intervals of 200-2,000 milliseconds were larger than those at 10 seconds. Therefore, the recovery of I s showed a transient increase by as much as 125% of the level of full recovery (after a 10-second interval). When the cell was treated with 2 mM 4-AP and 5 mM caffeine in the presence of TTX to block I lo and I Na (C), a pure I Ca and its recovery could be determined. I Ca showed a smooth monotonic recovery without a transient augmentation, achieving more than 80% of its full recovery level at a diastolic interval of 200 milliseconds. It was also noted that the peak I Ca was twice as large as I s . 4-AP and caffeine were then washed out, and 2 mM Co 2+ was added in the presence of TTX to examine I l0 (D). I lo achieved rather a slow recovery, attaining only 65% of its maximum value even at a diastolic interval of 2,000 milliseconds. Therefore, the recovery kinetics of I to were 10 times longer than those of I Ca . Similar results were confirmed in the other two preparations.
Action Potential Restitution and Recovery of I s in Guinea Pig Ventricular Cells
The contribution of I to to the increase and prolongation of the plateau was further supported by another line of evidence. In guinea pig ventricular muscles, the action potential plateau has been shown to exhibit a smooth recovery with almost no augmentation during electrical restitution, 1 -2 and there have been no reports describing the clear existence of I to . Therefore, changes in the action potential configurations and the recovery of I s were examined using the same protocol as that shown in Figures 1-3 . In 4 ventricular cells from guinea pig hearts, action potentials revealed neither a Phase 1 nor a prominent plateau like AP-2 in rabbit cells, and no APD 0 prolongation was observed during electrical restitution. The recovery of I s , which was examined by applying test depolarizations to 0 and + 40 mV from the holding potential of either -40 or -60 mV, showed a smooth recovery but no transient increase in any examined cells snowed (data not shown). Discussion The present study demonstrates that an increased plateau height and its prolongation appeared on sudden shortening of the preceding diastolic intervals from a slow basic heart rate in action potentials of single rab- •? 500 1000msec 2 DIASTOLIC INTERVAL lOsec bit ventricular cells. This finding confirms previous observations made using multicell preparations of several mammalian species, including rabbit ventricles. 121617 The result further implies that the augmented plateau was not brought about by the electrdtonic influence of neighboring cells (such as in the region of the Purkinje-myocardial junction 23 ) but was caused by changes in the ionic currents forming the plateau. Our results indicate that this phenomenon is produced by inactivation of I l0 at short diastolic intervals, supporting the view proposed by Kukushkin and coworkers 6 and further implying that the presence and faster recovery of IQ, than I t0 is responsible for these potential changes.
After an action potential, the membrane goes through a period of recovery, or electrical restitution. 24 Two types of electrical restitution occur when premature action potentials are elicited after control responses of slow pulsing rates. In a variety of preparations, a premature action potential is characterized by a reduced amplitude of the plateau, its duration, and total APD. In contrast, other groups of tissues show overshoot of these parameters above the control values during the recovery period.
u We previously observed the overshoot of the plateau in premature excitations of dog ventricular muscles, which was associated with an increased slow inward current during the recovery period. 45 While the precise mechanism of the transient increase in the slow inward current during the recovery period was not clarified from that study, similar oscillatory repriming of this current has been reported by Weingart and coworkers 25 for calf Purkinje fibers after exposure to digitalis. In the present experiments, a similar increase in the TTX-insensitive I s was noted in rabbit ventricular cells together with an increase and a prolongation of the plateau. However, the increase in I s was dependent on the level of the voltages used for the depolarizing pulses or the level of the holding potential. Furthermore, the period of the increased I s did not cover the entire period of the augmented plateau. This implies that the measurement of I s may be hindered by contamination of another current, and the contribution of the latter factor to changes in action potential is indicated.
The exact measurement of individual ionic current in the heart is subject to serious error, since more than two currents with similar time-and voltage-dependent properties flow either in the same or in opposite directions. This problem is also applicable to the present analysis using single ventricular myocytes. A TTXinsensitive I 5 is generally believed to mostly represent I Ca , and I s in our preparations actually disappeared in the Ca 2+ -free solution. However, it was also shown that I l0 , having a similar time course to I Ca , was activated by depolarizing voltage steps from + to -20 mV. Therefore, I s measured in normal Tyrode solution represented the net inward current and, thus, its changes in amplitude time course were brought about by an alteration not only of I Ca but also of I t0 . Actually, the oscillatory repriming of I s observed in normal Tyrode solution was increased in amplitude and was changed to a smooth monotonic recovery after I t0 was blocked by 4-AP and caffeine ( Figure 10 ). The problem of the purity of I t0 was also applicable to the analysis of this current. Even if I Na and I Ca were blocked by the application of TTX and Co 2+ , the currents might contain the delayed outward K + current (I K ) and the peak current. The amplitude of the latter in our preparations, however, was small, accounting for less than 10% of I, o (see Figures 5 and 6) , and the activation of I K was much slower than those of I l0 (< 20 milliseconds) (see Figure  5 ). The presence of Co 2+ may affect the amplitude of I t0 , since the I t0 portion was already blocked in this solution (see below).
I t0 was activated on depolarizing voltage steps + to -20 mV in rabbit ventricular cells, confirming the report by Kukushkin and coworkers 6 using multicellular preparations. This current was always observed on strong depolarizing voltage steps from the holding potential of -60 mV in all examined preparations (more than 40 cells). Because it seemed unlikely that we had picked up a single Purkinje cell during the dissociation procedure and used it for these electrical measurements, it was thought that they were actually muscle cells. This point was further supported by the findings that these cells showed an action potential configuration typical of rabbit ventricular muscles (see Figures  1,4, and 7) . 1617 The activation voltage and time course of I, o were similar to those of I^ and, thus, two currents overlapped each other at the plateau of voltages (see Figures 5 and 6). The presence of I I0 was first described in detail by Dudel and coworkers 19 in sheep Purkinje fibers. Subsequently, Fozzard and Hiraoka 20 examined its kinetics and voltage-and time-dependent inactivation properties. Because of its kinetics and inactivation properties, I t0 contributes to the Phase 1 of Purkinje action potentials and their rate-dependent changes. 2627 Kukushkin and coworkers 6 also attributed I l0 to ratedependent changes in rabbit ventricular action potentials slower than 1.0 Hz, which display a less prominent Phase 1 than those of Purkinje fibers. They also indicated that I to might contribute to an overshoot of the plateau during electrical restitution, but they did not give any direct evidence to prove this point. In accordance with I t0 in Purkinje and other cardiac preparations, the current exhibits voltage-dependent inactivation, and its recovery from inactivation is slow, achieving only 75% of the full recovery level at diastolic intervals of 2 seconds.
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As to the ion transfer mechanism of I l0 , several earlier studies have indicated that the current is mainly carried by K + rather than Cl" . 6I415212228 Figure  6 ). This fraction of I l0 was completely blocked by 4-AP. There is ample evidence that I t0 in other preparations is suppressed by 4-AP.
I21521:22 The 4-AP-insensitive I to seems to be produced by increased [Ca 2+ ]j either through Ca 2+ influx via the sarcolemma or through Ca 2+ release from the sarcoplasmic reticulum, since Co 2+ is thought to block the former and caffeine to inhibit the latter.
3 - 29 The value of 28% for the fraction of the Ca 2+ -activated I t0 relative to the total I lo might not represent its exact amplitude since we had to measure this fraction in the presence of I Ca . Also, the modulation of I Ca changed the Ca 2+ -activated I l0 as seen in the cases of Co 2+ application. Caffeine might also affect I Ca in addition to its action on the Ca 2+ release process. 22 It was further shown that the 4-AP-sensitive I t0 had slower recovery kinetics than those of Ca 2+ -sensitive I lo and therefore contributed to the shortening and the decrease in the plateau of the excitations elicited with slow heart rates or after long diastolic intervals. Because of the slow recovery of the 4-AP-sensitive I lo , the action potentials elicited at short diastolic intervals would attain a higher level and a longer duration of the plateau than those after a 10-second rest period. Actually, the application of 4-AP abolished the overshoot of the plateau during electrical restitution despite the fact that the Ca 2+ -sensitive component was unaffected (Figures 8 and 9 ). On the other hand, the Ca 2+ -sensitive I l0 has a recovery time course as rapid as those of I Ca , and it contributes to the formation of the notch after an initial peak action potential. Therefore, the inactivation of I lo at short diastolic intervals unmasks the rapidly recovering I Ca , which produces an increase in the net inward current and an overshoot of the plateau. This idea was also supported by the findings that the block of I Cn by the application of verapamil or Co 2+ abolished the overshoot of the plateau during electrical restitution and that the depolarizing voltage steps activating both currents increased the amplitude of the inward current in the second pulse elicited at short diastolic intervals compared to the first one after the long rest period ( Figure 10B ). These findings support part of our previous observations 4 ' 5 and the changes in action potential observed during the application of verapamil and different extracellular Ca 2+ concentrations. 30 The presence of I lo and its kinetics contribute to the modulation of APD as shown in the present experiments. APD at a slow heart rate is shortened, whereas it is prolonged at a fast rate. Furthermore, the current acts to maintain or prolong APD at short coupling intervals of premature excitations in muscles, while APD of Purkinje fibers become shortened. 12 Therefore, the disparity of refractoriness in premature excitations is increased in various parts of the ventricle, which further fascilitates the genesis of arrhythmias. Since I l0 overlaps with I Ca , the former may influence the slow response activity dependent on the latter. The upstroke of the slow response action potential may be augmented at short coupling intervals and depressed at long intervals due to the slow recovery of I lo . This would explain the supernormal conduction of the slow response in addition to the prolongation of APD. 31 A type of outward current similar to I t0 , called I A , has been observed in various tissues. 31 This current has recently been shown to be modulated by increased intracellular cyclic adenosine 3' :5'^monophosphate (cAMP), which speeds its inactivation. 32 As a result of this effect, I A is assumed to cause repetitive excitations during the afterdischarge. Therefore, it is of interest to know how I l0 in the heart is modulated, whether by a hormone or a neurotransmitter, since the cardiac Ca 2+ current is enhanced by an adrenaline-sensitive adenylate cyclase. 33 Therefore, important aspects of the modulation of I lo and its precise role in cardiac electrical activity remain to be clarified.
